A novel layered hexagonal boron nitride/titanium dioxide (h-BN/TiO 2 ) composite photocatalyst has been constructed by anchoring TiO 2 nanoflakes on the surface of h-BN flakes via a solvothermal method. The morphology and dispersion of TiO 2 can be tuned by controlling the amount of flake h-BN. Benefiting from the unique hetero-structure, the photocatalytic performance of the obtained composite toward rhodamine B (RhB) degradation is greatly enhanced, among which 12 wt% h-BN/TiO 2 composites show 3.5 and 6.9 times higher degradation rate than the synthesized TiO 2 and commercial TiO 2 (P25), respectively, and an excellent cycling stability has also been obtained. Moreover, the first-principles calculation reveals the synergetic catalytic effect between TiO 2 and h-BN flake, which is found to be responsible for the significantly enhanced photocatalytic performance of h-BN/TiO 2 composites.
INTRODUCTION
Photocatalytic degradation has increasingly become one of the effective approaches for solving environmental pollution by decomposing toxic complex organic pollutants into less toxic or even completely harmless molecules under sunlight or UV illumination [1] . Among the various semiconductor photocatalysts, titanium dioxide (TiO 2 ) has fostered considerable interest in organic dye degradation due to its high efficiency, low cost, nontoxicity and chemical stability [2, 3] . However, owing to low utilization efficiency of sunlight (about 4%) and the fast recombination of photogenerated electrons and holes, bare TiO 2 exhibits low photocatalytic efficiency, which greatly limits its practical use [4] . Nowadays, two strategies are usually developed to enhance the photocatalytic activity. One is to decrease the size and design unique structure to promote the mobility and separation of photogenerated electrons and holes [5] . The other is to combine semiconductors with other favorable materials to construct semiconductor-based heterostructures and composite systems for visible-light-driven light harvesting systems [6, 7] . To sum up, developing a composite system with a controllable structure by combining the above two advantages has profound meaning.
Hexagonal boron nitride (h-BN), with a two dimensional (2D) graphite-like structure, has opened up a new frontier in materials for the development of clean and renewable energy conversion and energy storage systems on account of high chemical stability, high thermal stability, low density, biocompatibility and environmental friendliness [8, 9] . To our knowledge, h-BN is commonly excluded in photocatalysis and photovoltaic conversion applications due to its wide gap [10] . However, recent studies have proved the feasibility of h-BN as catalyst support materials to effectively enhance the photocatalytic properties of semiconductor materials because of the interactions between them, for instance, SnO 2 /h-BN submicro-boxes (BNMB) [11] , BN/Ag 2 CO 3 [12] , h-BN/ Bi 4 O 5 Br 2 -layered microspheres [13] , CdS/BN nanosheets (BNNSs) [14] , BN/AgBr [15] and BN/Bi 4 O 5 I 2 [16] . The enhancement of photocatalytic propeties is generally ascribed to the suppressed recombination of photogenerated electrons and holes, extended excitation wavelength and increased amount of surface-adsorbed reactant [17] . However, the role of h-BN in the photocatalytic enhancement of the composites is still under debate. Furthermore, from the aforementioned BNsemiconductor composites, it can be found that the photocatalytic properties are largely determined by the morphology of the semiconductors and support materials [18, 19] . In this work, layered h-BN/TiO 2 composites with flake-on-flake hetero-structure are constructed and expected to improve photocatalytic activities. Multiple techniques including X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) were used to characterize the obtained composites. The effect of the flake h-BN on the photocatalytic performance of the composites was investigated by degrading rhodamine B (RhB) under visible light irradiation. Moreover, the possible mechanism for the improved photocatalytic activity was discussed in detail by the firstprinciples calculation.
EXPERIMENTAL SECTION

Preparation of flake h-BN
All the chemicals used in this research were of analytical purity and without further purification prior to use. The synthesis of the h-BN was reported in our previous paper [20] . Typically, the foamy precursor was prepared by low temperature combustion synthesis (LCS) method in air in a muffle furnace using H 3 BO 3 , C 6 H 12 O 6 ·H 2 O, CO-(NH 2 ) 2 and HNO 3 as raw materials. Then, h-BN was obtained by calcining the foamy precursor at 900°C for 3 h in flowing NH 3 . The residual carbon and B 2 O 3 were removed by annealing in air and washing with hot water, respectively.
Preparation of h-BN/TiO 2 composites
The h-BN/TiO 2 composites with different contents of h-BN were prepared by a simple solvothermal process. Typically, 1 mL TiCl 3 and 1 mL deionized water were added into 30 mL of ethylene glycol under stirring to produce a light purple solution. Then, a certain amount of h-BN was suspended in the mixed solution, which was put into a 50-mL Teflon-lined stainless steel autoclave. The sealed autoclave was heated at 150°C for 12 h and then cooled naturally to room temperature. The asobtained products were centrifuged, washed with ethanol several times and dried at room temperature. Finally, the products were annealed at 350°C for 2 h to remove all organic species adsorbed on the composites and improve the crystallinity at the same time. The obtained samples were named as X wt% h-BN/TiO 2 , where X was the mass fraction of h-BN during the synthetic process. For comparison, TiO 2 was synthesized by the similar method without addition of h-BN.
Characterization
The phase of the obtained samples was firstly examined by XRD (M21XVHF22, MAC Science, Yokohama, Japan) with a TTRIII diffractometer equipped with Cu Kα radiation over a 2θ range from 10°to 90°. The morphology and surface roughness of the obtained samples were observed by cold field emission SEM (FE-SEM, ZEISS SUPRATM 55, Germany). TEM (HITACHI H8100, Hitachi, Japan) was used to further investigate the microstructure. High resolution TEM (HRTEM, JEM 2010, Joel Ltd. Japan) was used to characterize the phase and crystal morphology of the products. The specific surface area was determined from the nitrogen adsorptiondesorption isotherm measured at 77 K on Quadrasorb SI-MP analyzer using Brunauer-Emmett-Teller (BET) model. The chemical states of the composites were determined by XPS. The optical properties of the samples were analyzed by UV-Vis spectrophotometer (UV2250, Shimadzu), in which BaSO 4 was used as the reflectance standard material. Photoluminescence (PL) emission spectra were measured on a Hitachi F-7000 fluorescence spectrophotometer at an excitation wavelength of 361 nm.
Photoelectrochemical measurement
The indium tin oxide (ITO) glass with an area of 1 × 2 cm 2 was washed ultrasonically in acetone and ethanol for a few minutes, respectively. The cleaned ITO glass was dried for the next modification. The h-BN/TiO 2 composites and polyvinylidene fluoride (PVDF) with the mass ratio of 95:5 were dispersed in N-methyl-2-pyrrolidone (NMP) to form a stable suspension, and then the suspension was deposited on the ITO glass with an area of 1 × 1 cm 2 . Finally, the modified ITO glass was heated at 60°C overnight to evaporate the solvent for the photoelectrochemical measurement, which was tested in 0.2 mol L −1 Na 2 SO 4 solution on a CHI660D electrochemical working station consisting of an Ag/AgCl reference electrode, a platinum wire counter electrode, and a modified ITO glass working electrode. The photocurrent vs. irradiation time curve was recorded at 0 V under dark (20 s) and light (20 s), respectively. A light source used in the work was a 300 W Xe lamp with a 400 nm cut-off filter and the light intensity density was 100 mW cm −2 .
Photocatalytic performance of the as-prepared sample
Photocatalytic performance of the h-BN/TiO 2 composites was evaluated by irradiating 20 mL RhB (10 mg L −1 ) and phenol (40 mg L −1 ) in the presence of 0.75 g L −1 h-BN/ TiO 2 under stirring. Before irradiation, the suspension was magnetically stirred for 30 min to achieve adsorption-desorption equilibrium. During the irradiation process, 5 mL of the suspension was collected and centrifuged to obtain supernatant. The concentration of RhB and phenol was examined at different time intervals by UV-vis spectrophotometer at 554 and 269 nm, respectively. The degradation efficiency was calculated by the following expression [21] :
where C 0 is the initial concentration of RhB and phenol solution; C t is the concentration at given test time.
First-principles calculations
All calculations were performed by density functional theory (DFT) using the Perdew-Burke-Ernzerhof (PBE) functional [22] , as implemented in Vienna ab-initio Simulation Package (VASP) [23] . Electron-ion interactions were described by the projector-augmented wave (PAW) potentials with a kinetic energy cutoff of 450 eV [24] . , respectively. To correct the self-interaction error, the DFT +U method was adopted, where a Hubbard-type correction was applied on the 3d orbitals of Ti and 2p orbitals of O [25] . Effective U = 4.2 eV for Ti 3d and U = 6.3 eV for O 2p orbitals were selected on the basis of previous work [26] , which provided a correct description of the polaronic states of TiO 2 . The structure relaxation was stopped when the force on each atom was below 0.05 eV/Å.
The anatase TiO 2 (101) surface was modeled by 4×1 periodically repeated slabs and a four-layered model was used (Fig. S1a) . A 20 Å vacuum was added between slabs along the [101] direction to simulate the open surface. One layered h-BN was combined with TiO 2 slab to model h-BN/TiO 2 composites (Fig. S1b ). The lattice mismatch was smaller than 5% and the distance between these two slabs has been optimized. A Monkhorst-Pack grid of 6×2×1 k points mesh centered at the Г point was used for all DFT calculations. Electronic band structure and density of state (DOS) were calculated to analyze the contribution of h-BN to photocatalysis. Adsorption energies of organic molecules were applied to evaluate the ad-sorption capacity of photocatalysts and the charge-density difference was used to study the charge transfer between h-BN and TiO 2 . Electron effective masses (m e * ) and hole effective masses (m h * ) were calculated by the method of parabolic band fitting around the conduction band minimum (CBM) or the valence band maximum (VBM) according to the following equations:
where m * is the effective mass of the charge carrier, i and j denote reciprocal components, k n is the energy dispersion function of the nth band, k is the wave vector, and ћ represents the reduced Planck constant. For better fitting parabolic within the VBM and CBM regions, the nonself-consistent calculation for band structure was performed using 61 k-points around VBM or CBM with a separation of 0.002 Å −1 .
In addition, the adsorption energies of RhB on photocatalysts were calculated to evaluate their adsorption ability. Because RhB molecule is so huge that the surface of slabs would be very large and the calculation would be quite time-consuming. Besides, de-ethylation of RhB is one of the most important steps during the degradation process. Two different parts of the RhB with ethyl groups were chosen as the adsorbed molecules. nation, it can be clearly found that the peaks for (001), (110), (002) and (020) correspond to the TiO 2 brookite (B) crystalline phase (PDF 46-1237) [27] . However, after calcination, the phase of the TiO 2 gradually transforms from brookite to anatase crystalline phase (PDF 1-562). Interestingly, the phase transformation is not complete, which leads to the enhancement of the photocatalytic activity of TiO 2 due to the existence of two crystal structures acting as semiconductor heterojunction [28] . After h-BN was introduced, all diffraction peaks of the obtained h-BN/TiO 2 composites can be clearly indexed to anatase TiO 2 crystals except for the (002) small peak of the brookite phase (marked by the red line). And no distinct diffraction peaks of h-BN can be observed due to dense TiO 2 covering on its surface.
RESULTS AND DISCUSSION
The effect of the flake h-BN content on the TiO 2 microstructure was also investigated and shown in Fig. S2 . Fig. S2a and b indicate that pure TiO 2 assembled from 2D nanoflakes has a hierarchical microsphere structure with an average diameter of 200 nm. After the flake h-BN is introduced, the structure of TiO 2 gradually transforms from microsphere into randomly oriented nanoflakes and nano grasses structure has been formed with the increase of the addition of flake h-BN ( Fig. S2c-j) . The result reveals that the morphology and dispersion of TiO 2 can be tuned by controlling the flake h-BN content. However, when the addition amount is excessive, the flake h-BN will stack and hinder the growth of TiO 2 nanoflake, which leads to a light shielding effect and suppresses the generation of photogenerated electron-hole pairs. The optimized addition amount of flake h-BN is 12 wt%, and the 2D TiO 2 nanoflake is uniformly attached on the surface of flake h-BN to form a novel 2D/2D h-BN/TiO 2 nanostructure composite.
In order to further investigate the growth mechanism of TiO 2 on the surface of h-BN, the morphology of the obtained h-BN and 12 wt% h-BN/TiO 2 was discussed in detail. From Fig. 2a and b, it can be observed that the morphology of the h-BN possesses graphene-like flake structure, which is advantageous for the growth of TiO 2 nanoflake and formation of h-BN/TiO 2 heterojunctions. The HRTEM image in Fig. 2c shows four parallel fringes at the edge region of the h-BN flake and the interlayer distance is 0.357 nm, which is larger than the standard value of h-BN (0.33-0.34 nm) resulting from the existence of structure defects in the obtained flake h-BN [29] . When the flake h-BN is used to construct 2D/2D h-BN/TiO 2 composites, its surface becomes rough and the flake h-BN can hardly be observed due to the dense TiO 2 nanoflakes covering on its surface as shown in Fig. 2d and e. HRTEM image in Fig. 2f demonstrates the existence of interface structure of heterojunctions (marked by red lines) between TiO 2 nanoflakes and flake h-BN. Due to the rich detects character of flake h-BN, only the (101) plane of the anatase phase TiO 2 can be observed and the fringe spacing is 0.355 nm. Based on the above results, the growth mechanism is proposed. It has been reported that the flake h-BN has an overall negative surface charge at pH above 3.2 [20] , which is important for the uniform growth of TiO 2 nanoflakes on the surface of flake h-BN. As shown in Fig. 2g , when the flake of h-BN is added into the ethylene glycol solution containing TiCl 3 , Ti 3+ will be adsorbed on the negatively charged surface of flake h-BN by electrostatic interaction. Then the Ti 3+ is gradually oxidized to form TiO 2 in the acidic solution during the prolonged solvothermal treatment. Meanwhile, due to the mechanical support of flake h-BN, the self-aggregated TiO 2 microspheres will scatter into nanoflakes and grow on the h-BN surface.
The surface chemical composition of the 12 wt% BN/ TiO 2 composite was also investigated by XPS analysis. Fig. 3a shows that Ti 2p spectra consist of two major peaks and the binding energy of the Ti 2p 3/2 peak shifts from 459.22 to 459.45 eV after introduction of the flake h-BN, indicating the close interaction between flake h-BN and TiO 2 . In Fig. 3b , the O 1s spectra of TiO 2 nanoflakes are identified to two peaks with the binding energy values at 530.02 and 531.64 eV, corresponding to Ti-O and O-H bonds, respectively. However, a new peak with the binding energy at 534.1 eV corresponding to Ti-O-B bond appears in the O 1s spectra of 12 wt% BN/TiO 2 besides the same two peaks as TiO 2 [30] . Appearance of the new Ti-O-B bond further confirms the formation of heterojunctions between flake h-BN and TiO 2 nanoflakes.
The N 2 adsorption-desorption isotherms were conducted to determine the specific surface area (SSA) of the flake h-BN, pure TiO 2 and 12 wt% h-BN/TiO 2 . The isotherm of the h-BN can be classified as type IV isotherm with type H4 hysteresis loop according to the IUPAC nomenclature [31] , which reveals a predominant mesoporous structure (Fig. S3a ). The BET model gives an SSA of 936 m 2 g −1 , and Barrett-Joyner-Halenda (BJH) calculation gives the total pore volume of 0.705 cm 3 g −1 for h-BN, which is favor of the species adsorption. As shown in Fig. S3b , the SSA and pore volume are 151 m 2 g −1 and 0.339 cm 3 g −1 for pure TiO 2 , and 170 m 2 g −1 and 0.457cm 3 g −1 for 12 wt% h-BN/TiO 2 , respectively. Compared with the pure TiO 2 , the SSA and pore volume of 12 wt% h-BN/TiO 2 are improved by adding the flake h-BN with high SSA, which is advantageous for improving the diffusion and adsorption capacity of organic dyes.
Photocatalytic performance
The photocatalytic performance of the h-BN/TiO 2 composites was evaluated by degrading RhB under visible light irradiation. Fig. 4a shows a comparison of degradation efficiency between TiO 2 and h-BN/TiO 2 . Under visible light irradiation, the synthesized TiO 2 displays a higher photocatalytic activity than commercial TiO 2 (P25), which may be attributed to the morphology difference. Compared with the P25 nanoparticles, the flake TiO 2 will offer more active sites for RhB degradation. It is well known that P25 can not absorb visible light, and thus the degradation is caused by self-photosensitized mechanism [32] . Meanwhile, it is noted that all the flake h-BN/TiO 2 composites exhibit higher photocatalytic activity than the synthesized TiO 2 and P25. The phenomenon is caused by the introduction of the flake h-BN with higher SSA which can greatly improve adsorption capacity and concentrate RhB molecules around TiO 2 . Among the composites, 12 wt% h-BN/TiO 2 composite exhibits the highest photocatalytic activity and the degradation effi- ciency is up to 95%. For comparison, the physical mixture of BN and TiO 2 (12 wt% h-BN-TiO 2 mixture) for RhB degradation was carried out. As shown in Fig. S4 , about 40% RhB is removed before light irradiation. However, only 13% RhB is removed by using the same amount of 12 wt% h-BN/TiO 2 composite. After irradiation, the composite exhibits higher photocatalytic activity than the mixture. The result indicates that immobilization of TiO 2 on the surface of flake h-BN is very effective for RhB degradation. Furthermore, phenol degradation was also performed to evaluate the photocatalytic activity and rule out the dye sensitization effect [33] . As shown in Fig. S5 , 89% phenol is removed by 12 wt% h-BN/TiO 2 after 150 min, which is much higher than TiO 2 (17%) . The superior photocatalytic activity of 12 wt% h-BN/TiO 2 confirms that the photocatalytic activity under visible light is responsible for the degradation of phenol rather than the dye-sensitization effect.
The kinetic behavior of the composites for degradation of RhB was further investigated under visible light irradiation. Fig. 4b shows the photocatalytic degradation of RhB following a pseudo first-order reaction: ln(C 0 /C)=kt, wherein t, k, C 0 and C represent the reaction time, the apparent rate constant, the initial concentration and the concentration of RhB at given test time, respectively [34] . The kinetic constant k was calculated and presented in Fig. 4c . The increasing order of the rate constants is: 12 wt% h-BN/TiO 2 > 24 wt% h-BN/TiO 2 > 18 wt% h-BN/ TiO 2 > 6 wt% h-BN/TiO 2 > synthesized TiO 2 > P25. It is worth noting that the rate constant of 12 wt% h-BN/TiO 2 is 3.5 and 6.9 times higher than that of the synthesized TiO 2 and P25, respectively, which indicates photocatalytic activity of TiO 2 is greatly improved by introducing appropriate amount of flake h-BN. Fig. 4d shows the UV-vis absorption spectra and images (inset) of the aqueous RhB solution in the presence of 12 wt% h-BN/TiO 2 at different time intervals. It can be found that the maximum absorption wavelength displays a gradual blue shift from 554 to 498 nm with increasing irradiation time, which demonstrates both de-ethylation and oxidative degradation of RhB take place and the de-ethylation process is a stepwise manner [32] . The inset of Fig. 4d shows the gradual fading of RhB color, indicating the RhB is decomposed completely. The present results are compared with those reported in the literature for dyes degradation (Table S1 ). It can be seen that the photocatalytic efficiency of the layered h-BN/TiO 2 composite is comparable and even higher than other BN-semiconductor systems, such as BN/Ag 3 VO 4 [10] , BN/WO 3 [35] , BN/BiOI [36] and BN/g-C 3 N 4 [37] . Notably, benefiting from the unique flake-on-flake structure, the photocatalytic performance of flake h-BN/TiO 2 composites is also superior to other BN-TiO 2 photocatalyst systems [28, [38] [39] [40] [41] [42] [43] .
Reusability and stability
The stability and recyclability of 12 wt% h-BN/TiO 2 were investigated by the same process as mentioned above. After each run of reaction, the photocatalyst was collected for continue using. From Fig. 4e , it can be seen that the removal percentage exhibits neglected change after five cycles, indicating the excellent reusability of 12 wt% h-BN/TiO 2 composite. Fig. 4f shows the XRD patterns of the 12 wt% h-BN/TiO 2 composite before and after the recyclability experiment. No obvious change of the phase can be found except for the lower characteristic diffraction peak intensity after test, indicating the good stability of the composite under irradiation.
The photocatalytic mechanism
The optical absorption spectra of the TiO 2 and h-BN/ TiO 2 composite are shown in Fig. S6 . It can be seen that the absorption edge of TiO 2 is determined to be 400 nm.
Compared with the pure TiO 2 , h-BN/TiO 2 composites exhibit increased absorption ability in the visible light region, especially the 12 wt% BN/TiO 2 , which exhibits obvious red-shift of the absorption edge and has a long and weak absorption tail covering the whole visible light region. According to the plots of Kubelka-Munk remission function (i.e., relationship of [αhν] 1/2 vs. photon energy (E g = hν), the calculated band gap values of the synthesized TiO 2 is 3.1 eV, and the value can be decreased to 2.88 eV for 12 wt% h-BN/TiO 2 , indicating a narrower band gap can be obtained, which is attributed to the energy arrangement caused by the heterojunctions between TiO 2 nanoflakes and flake h-BN. The PL emission spectra were measured with excitation light of 361 nm at room temperature. Generally, the lower PL intensity indicates lower recombination of charge carriers, resulting in higher photocatalytic activity [44] . Fig. 5a exhibits two main emission peaks centered at around 396 and 417 nm, respectively. By comparison, 12 wt% h-BN/TiO 2 exhibits the lowest intensity, demonstrating the lowest recombination rate of photogenerated electrons and holes, which is in accordance with the photocatalysis measurement (Fig. 4b ). In addition, the photocurrent responses of TiO 2 and BN/TiO 2 composites were studied as shown in Fig. 5b . The h-BN/TiO 2 composites exhibit a significantly enhanced photocurrent intensity compared with the TiO 2 , indicating much enhanced separation ability of electron-hole pairs after the introduction of h-BN, which results in much higher photocatalytic activity. EIS measurements were carried out as shown in Fig. 5c . The 12 wt% h-BN/TiO 2 exhibits the smallest arc radius, further indicating the lowest impedance, which can facilitate the interfacial chargetransfer process.
In order to further explore the photocatalytic mechanism of the composites, the trapping experiments were carried out to detect the main active species during the photocatalytic process. 1 mmol L −1 ethylenediaminetetraacetic acid disodium (EDTA-2Na), 2 mmol L −1 isopropanol (IPA) and 1 mmol L −1 benzoquinone (BQ) were chosen as scavengers for h + , ·OH and ·O 2 − , respectively. From Fig. 5d , it can be seen that the effect of ·OH on the photocatalytic performance can be neglected, implying the ·OH does not contribute to the degradation of RhB. However, the degradation rate significantly decreases when EDTA-2Na and BQ are added, indicating h + and ·O 2 − play an important role in the photocatalytic process.
In addition, electron spin resonance (ESR) spin-trap technique was also carried out to further detect the active species in the photocatalytic process as shown in Fig. 5e .
Six strong characteristic peaks of 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)-·O 2 − are observed in the methanol dispersion under visible light irradiation, while no signals can be found in the dark, indicating ·O 2 − radicals are indeed generated on the surface of irradiated 12 wt% h-BN/TiO 2 . Interestingly, the typical weaker characteristic peaks of DMPO-·OH (Fig. 5f ) were also observed, indicating ·OH can be also produced. However, from the trapping experiment, we have found that the effect of ·OH on the photocatalytic performance can be neglected. Besides, the VB value of TiO 2 after introduction of BN is not positive enough to oxidize H 2 O or OH − to ·OH (2.72 V vs.
normal hydrogen electrode (NHE)) [45] . Thus, the generation of ·OH may be attributed to the further reduction of ·O 2 − [46] . The results further prove that RhB can be degraded by TiO 2 nanoflakes after the introduction of h-BN under visible light. The mechanism of photocatalytic enhancement was investigated by employing DFT as shown in Fig. 6 . The presence of the h-BN flake in the h-BN/TiO 2 composite could effectively reduce the bandgap compared with the synthesized TiO 2 (Fig. 6a and b) , which is accordance with the result of the optical ab- sorption spectra. The reduction of bandgap is caused by the upshift of VBM contributed by the N-p orbital of h-BN (as shown in the two peaks in Fig. 6b and c labeled by dashed boxes). Besides, CB and VB derive mainly from Ti-d and N-p orbitals, which could also be obtained from DOS in Fig. 6d . The state in VBM labeled by dashed box consists of N-p orbital, which lifts the VBM and reduces the bandgap. Furthermore, the band of the highest occupied molecular orbital (HOMO) of h-BN/TiO 2 is much more bent than that of TiO 2 (Fig. 6a and b) , clarifying that the hole of h-BN/TiO 2 has much lighter effective mass than that of TiO 2 . The hole effective mass of TiO 2 and h-BN/TiO 2 is 0.57 and 0.12 m 0 (m 0 is the rest mass of electron). Therefore, the addition of h-BN could increase the hole carrier mobility, which is beneficial for the oxidation of RhB. In addition, two different parts of the RhB with ethyl group were chosen as the adsorbed molecules. Fig. 6e shows molecule 2 has more negative adsorption energy, i.e., easier to be adsorbed, and h-BN/TiO 2 has better adsorption ability than TiO 2 . Therefore, the flake h-BN could increase the adsorption of RhB around the TiO 2 surface. The difference charge densities were also calculated to observe the charge transfer ( Fig. 6f ). There is large charge accumulation and charge depletion around N and B atoms, respectively, which will form the strong p-p coupling between the N-p and B-p orbitals, leading to the more bent HOMO (Fig. 6b ). Meanwhile, there is also more or less charge accumulation around the O atoms close to h-BN, indicating the addition of h-BN can contribute electrons to TiO 2 . When molecule 2 is adsorbed on the surface of h-BN/TiO 2 , there is a large charge accumulation on the surface of TiO 2 , which leads to the electronic loss of molecule 2 and causes the de-ethylation process. DFT calculation further proves that the addition of h-BN into TiO 2 can indeed enhance the photocatalytic performance. Based on the above results, the possible mechanism of the h-BN/TiO 2 is proposed as shown in Fig. 7 . The CB and VB edge potentials of the synthesized TiO 2 were theoretically speculated by means of atom's Mulliken electronegativity:
, where X represents the absolute electronegativity of the semiconductor; E C and E g are the energy of free electrons on hydrogen scale (~4.5 eV) and band gap, respectively [47] . The band edge potentials of CB and VB are −0.19 and 2.91 eV, respectively, as shown in Fig. 7 , which directly participate in the oxidation reaction. Importantly, both the flake-on-flake structure and the negatively charged h-BN will effectively promote h + transfer from the inner of TiO 2 to its surface, and further improve the separation of photogenerated electron and hole pairs. Besides, Fig. 7 shows that the VB value of TiO 2 is positive enough to oxidize RhB. That is to say that the h-BN flake works as a successive catalyst support material and plays a role of preventing the recombination of electrons and holes produced in TiO 2 nanoflakes, following the synergetic catalytic effect of type II proposed in our previous work [50] . The possible reaction process for the decomposition of RhB is given in equations (3-9):
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CONCLUSIONS
A novel 2D/2D h-BN/TiO 2 composite photocatalyst with flake-on-flake nanostructure was successfully synthesized by a solvothermal method with in situ growth technology. As expected, the introduction of the flake h-BN can greatly improve the photocatalytic performance of the obtained composites. Especially for the 12 wt% h-BN/ TiO 2 composite, a high photocatalytic efficiency up to 95% for the degradation RhB under visible light has been obtained, and its rate constant is 3.5 and 6.9 times higher than that of the synthesized TiO 2 and P25, respectively. Moreover, the 2D/2D h-BN/TiO 2 composite exhibits excellent cycling stability and reusability. DFT calculation further proves that the addition of h-BN into TiO 2 can indeed enhance the photocatalytic performance of composites. A synergetic catalytic mechanism has been formed on the heterojunctions between h-BN and TiO 2 during the degradation of RhB, in which the ability of visible light absorption is improved on one hand, and on the other hand the photosensitized RhB can increase the degradation rate of RhB by injecting electrons from the adsorbed RhB * species to the TiO 2 CB to generate more active oxygen species ·O 2 − . Meanwhile, not only the negatively charged h-BN improve the separation of photogenerated electron and hole pairs, but its larger specific surface area can also concentrate the RhB molecules around TiO 2 to improve the kinetics. This work not only develops a new multifunctional h-BN/TiO 2 composite as photocatalysts under visible light irradiation, but also provides a new way to design advanced composite photocatalysts.
